IT is a privilege to At the outset, let us define the task of the heart. It is the task of the heart to supply an adequate quantity of blood to meet the requirements of the various organs in the body at rest and during activity, so that they may perform their several functions without handicap. A heart that does this is competent. One that does not is incompetent. Incompetence of the heart includes another concept. An incompetent heart is not only one that fails to pump an adequate amount of blood to the organs because the compensatory mechanisms are inadequate, but it may be one which does its assigned task, provided the compensatory mechanisms are adequate. Encroachment upon cardiac reserves occurs, therefore, whenever the heart becomes incompetent.
An incompetent heart with an inadequate output exhibits "forward failure " phenomena. An incompetent heart with an adequate output exhibits congestive phenomena behind the From the Cardiovascular Department, Medical Research Institute, Michael Reese Hospital, Chi- cago Ill.
Presented at the College of Physicians of Philadelphia, April 7, 1954. incompetent chamber. An incompetent heart with an inadequate output may show such congestive phenomena also, in addition to " forward failure."
Failure of the circulation in supplying the organ needs at rest or during effort may be cardiac or extracardiac. Extracardiac circulatory failure may be due to peripheral vascular collapse, when the systemic peripheral vessels dilate and blood is pooled within them instead of being returned to the heart. It also occurs in shock, which should be clearly defined as a progressive oligemia with hemoconcentration and compensatory systemic vasoconstriction.
Here too the decreased venous return to the heart is the primary mechanism for the inadequate circulation. In both of these circumstances, the inadequate circulation is not initially due to an incompetent heart, but is due to circulatory disorders in the vascular system. Thrombosis in major veins, or other forms of venous obstruction, is another mechanism interfering with the venous return to the heart, and may lead to circulatory failure without the presence of an incompetent heart. Cardiac circulatory failure, in which the inadequate blood flow is due to an incompetent heart, need not always be myocardial in origin. It may also be due to: (1) a dynamically significant valvular dysfunction, as in severe stenosis or free regurgitation; (2) a pericardial tamponade, a concretia cordis or a constrictive pericarditis; or (3) a tachycardia with its associated reduction in minute-filling time.
The recent trend of semantics in which the terms congestive failure, low output failure and high output failure, have come into vogue, has led to some confusion to the uninitiated, and these terms should be dropped. Low High output failure is a misnomer that can only confuse the issue. High output of the heart is a compensatory mechanism which enables the body to get an adequate supply of oxygen for the tissues, when this is impossible at normal levels of output. This may ensue in arterial hypoxemia (e.g. anemia, inadequate ventilation in the lungs), in hyperthyroidism and in some avitaminoses. In some fashion the output of the heart per minute is augmented in these circumstances. If the strain is too much for the heart then it becomes incompetent and cardiac circulatory failure ensues even though the cardiac output may still be above the average normal. Chronic cor pulmonale is a frequent example of this circumstance.
Congestive failure too is a misnomer. Congestion may accompany incompetency of the heart whether or not there is cardiac circulatory failure. It may also ensue from disorders of the vascular system when the heart is competent. The It is thus apparent that heart failure arises from incompetency of the heart, sometimes leading to cardiac circulatory failure-an entity distinct from extracardiac circulatory failure-and sometimes leading to congestion. Furthermore, it should now be clear that not all forms of incompetency of the heart are due to myocardial incompetency; they may result from abnormalities of other parts of the heart's structure or from disturbance in its rhythm. The diseased heart will respond to these loads in the same way as the normal heart. It will call for a mobilization of compensatory mechanisms much as in the case of the normal heart. By so doing it will cut down the cardiac reserves.
Disease of the heart may decrease the upper limits of the adjusting compensatory mechanisms from which benefits may be derived and in this way also reduce the cardiac reserve. Thus, for example, the turning point from benefit to detriment as far as heart rate is concerned will occur earlier. This is demonstrated constantly by the relatively greater seriousness of paroxysmal tachycardia of equal degree in hearts that are diseased, than in those that are not. In the case of hypertrophy, the presence of serious coronary disease leading to narrowing of the arteries will summate with the normal factor limiting hypertrophy, so that there will be less chance for maximal hypertrophy than in the normal heart. (Heart weight is a deceptive measure of heart hypertrophy since it also weighs tissues in the heart other than muscle, viz., fibrosis and necrosis. Proper evaluation of true hypertrophy should take this into account.) The upper limit of dilatation is also reached sooner in some forms of heart disease. It would seem that under certain circumstances the heart cannot dilate as much when it is diseased as normally, before reaching the point where the dilatation is detrimental rather than beneficial. While too little is known about the detailed effect of disease upon the heart's contractile power, it is obvious that if the machinery of the heart is impaired, the effectiveness of extraneous mechanisms in increasing contractile power may be lowered. Thus, in several ways, disease of the heart by reducing the maxima of compensation from which benefits may be derived, cuts down the reserve of the heart. Finally, disease of the heart may impair the contractile power of the heart. When it leads to an obvious anatomic defect like myocardial infarction, which may destroy the machinery of up to one-fourth or more of the left ventricle, the defect in contractility is obvious and apparent. Disease may operate more subtly without such gross change. This may be revealed as cloudy swelling or fatty degeneration histologically, but often it is more subtle than this in lessening cardiac contraction and relaxation. We know so little about the details of the chemistry of this machine, that I will not indulge in any speculations on this topic. When heart disease alters the contractile machinery of the heart, the heart may work inadequately. The heart compensates for an impairment in contractility in the same manner as it does for an increase in stress. At the bedside, therefore, the demonstration of compensatory mechanisms may indicate an increase in stress upon the heart or an impairment in its contractile power.
STRESS ON THE HEART AND THE M(ANNER OF MEETING IT
In order to understand better the subject of myocardial incompetence and the sequences resulting therefrom, I think we must turn to the normal heart and consider the stresses to which it is subjected and the compensatory mechanisms by which it meets these stresses.
Stress upon the heart is threefold in character.
It may be due: to an increase in venous return, i.e., in its input load; to an increase in the blood pressure of the systemic or pulmonary arterial system, i.e. in its resistance load; or to certain hidden loads not so easily revealed. Exercise and many emotional disturbances produce an increased input load. They also lead to an increased resistance load on the left heart and often also on the right. Trauma may produce some hidden loads in an otherwise normal heart. These increases in load have been reproduced in the experimental animal and the mechanisms by which they are met studied. What are these compensatory mechanisms? They are four in number:
1. There is dilatation. filling at which the heart contracts and relaxes, the limit being determined by the two P/V curves. Under ordinary conditions of the heart beat, a closed figure is set up (a work-diagram) which begins and ends at the fully relaxed P/V curve, and is determined by the conditions under which the heart begins its sys- 465-513, 1914.) These same mechanisms, as already hinted, operate also upon the diseased heart when its load is increased or when its contractile power is impaired. Dilatation is a simple mechanism resident in the heart and can be seen in the isolated heart, and so may be considered a primary mechanism which is able to attune the output of the heart to its input. At the bedside, dilatation of the heart should be considered compensatory to enable the heart to meet an increased load. In this modern era of catheterization, too many physicians imagine that the pressures in the heart at the end of diastole are a good measure of the size of the heart at that time. Hypertrophy is another mechanism which, by increasing the mass of the heart, permits it to release more energy so that it can overcome the increased load. It requires time, however, and is not available at once but comes into play progressively if the load is sustained over time. We do not know the mechanism of cardiac hypertrophy, although we have reason to believe that it is associated with dilatation, with relative hypoxia and with relative increase in the work of the heart, and is, in some fashion, induced by the release of certain hormones of the pituitary gland. The mechanism of hypertrophy needs intensive exploration. Hypertrophy will occur in a normal heart subjected to increased load as well as in a diseased heart. Obviously, therefore, both Tachycardia which operates in the intact animal, and is not seen ordinarily in the isolated denervated heart, is a mechanism brought about in some fashion by an increased load.
It would take us too far afield in this discussion to enter into the several mechanisms by which this tachycardia could be produced. Suffice it to say that it involves a lessening in tone of the cholinergic nervous mechanism and an enhancement in tone of the adrenergic nervous mechanisms, in all likelihood aided and abetted by the release of l-norepinephrine and l-epinephrine, with the possibility of other humoral agents also operating. Tachycardia, too, is to be considered a compensatory mechanism as easily available as is dilatation to permit the heart to overcome an increased load.
Closely allied with this are changes in the intrinsic machinery of the heart, part of which may operate upon the viscous-elastic properties which we call its tone, but more primarily they operate upon the machinery of its systole, its contractile power. Like (C) . Attention is drawn primarily to the shorter duration and accelerated rate of ejection which was produced by epinephrine. These changes are disproportionate to the changes in heart rate and end diastolic volume, indicating a specific action of epinephrine upon the contractility of the heart (from Wiggers and Katz2).
CARDIAC RESERVE
One of the concepts that has been loosely employed is the term cardiac reserve. From our work and the impact of this work upon our thinking, I believe, cardiac reserve can be defined more precisely in terms of dilatation, hypertrophy, heart rate and contractile power, since for each of these there is an upper limit beyond which further increase is not possible or, if possible, it becomes detrimental instead of beneficial. Cardiac reserve according to this concept is the difference between the size of the heart existing under the given load and the upper limit from which benefit can be derived; it is the difference between the heart weight existing under the load and that which can be produced; it is the difference between the heart rate existing under the load and the upper limit of heart rate from which benefits can be derived; and it is the difference between the contractile power of the heart existing under the load and the maximum that can be obtained. More properly, however, it is the sum of these four measures of cardiac reserve that gives an index of the total cardiac reserve available to meet increased loads. Now, admittedly it is not always possible in our present state of knowledge to define clearly these measures of cardiac reserve, but this in no sense nullifies the merit of such a concept.
A few words are not amiss concerning the reasons why there is an upper limit to each of these compensatory mechanisms. Thus, it has been established that the heart cannot dilate indefinitely and produce an increase in work. Actually, after a certain point, further dilatation leads to a decline in work ( fig. 2 ). An optimum thus exists in the size of a heart below which further dilatation is beneficial, above which it is detrimental. This fact has been established beyond question. It has been found to be true also when skeletal muscle is lengthened. I like to think in terms, therefore, of a dilated, compensated heart, and an overdilated, failing heart.
The upper limit of hypertrophy is due to the fact that the number of capillaries do not increase as the heart hypertrophies. This inability of the capillaries to increase in number as the heart mass increases, puts an upper limit to the continued increase in heart weight. This is so since the oxygen and nutritive materials in the blood, and the carbon dioxide and waste products in the tissues move from one site to another by simple diffusion, de 
CONSEQUENCE OF INADEQUATE COMPENSATING MECHANISMS
Thus, it will be seen that the adjustments of the heart which compensate for an increasing load are limited in extent and when these limits are exceeded and when the reserves of the heart are exhausted, the heart cannot meet any further increase in load (fig. 4) I would like to turn now to the subject of the changes in the mechanical efficiency of the incompetent heart, a subject that has been rather forcefully debated in recent years.
There are those who believe that heart incompetency is primarily the result of an impairment in the ability to employ for useful work the energy released. There are others, like myself, who believe that the primary defect is in the release of energy and that the ability to employ this energy for work is not primarily impaired in all instances of heart incompetency. This is a fundamental problem which may have to be reinterpreted as our knowledge of the intermediate metabolism of the heart grows and clarifies. I will not belabor you with many of the fascinating details of this controversy, but I would like to leave you with a few facts for orientation.
Mechanical efficiency, as an engineering term, is defined as the ratio of work done to the energy required to do this work, the quotient being calculated in similar units, e.g., Joules, foot-pounds or large calories. The energy cost is ordinarily measured in terms of oxygen consumed, and it is assumed that the respiratory quotient is constant in the incompetent as compared with the competent heart, and this quotient may be assumed to be 1 or, as in the case of the average heart, 0.82. The term work has had many definitions, but it is more or less generally agreed that it should be defined as the useful work of the heart; that is, the amount of blood pumped by the heart multiplied by thq mean blood pressure. The omission of kinetic energy in this calculation ordinarily introduces no serious quantitative error. In our calculations we have included the work of the right as well as the left heart, and have included the coronary flow in calculating the latter. Obviously by using this method of mean values in calculating the work, instead of integration formulas, certain other errors creep in, but these are not ordinarily of sufficient moment to disturb the concept.
Using the simple method outlined above to calculate mechanical efficiency, it can be shown that mechanical efficiency can decline if tachycardia accompanies heart failure, as is often the case ( fig. 6 ). But this is not primarily due to the heart failure, since tachycardia in a competent heart will have a like effect. Likewise it can be shown that if the cardiac output per minute declines as the heart fails, the mechanical efficiency will decline ( fig. 6 ), but this too is not primary with failure, since it will occur with low output even in the competent heart, as in cases of early shock. Furthermore, if an increase in the pulmonary or systemic arterial pressure, an increase in resistance load, occurs, this too may have a tendency to alter the mechanical efficiency in a downward direction ( fig. 6 ), but this again is not primarily heart failure, since a similar effect will occur under like circumstances in the competent heart. In our own experience, with isolated hearts whose work has been kept constant despite their progressive incompetence, we have found no change in the oxygen consumption of the heart even though the heart dilated in order to maintain this work.
How can we be sure that incompetence is of the same character in all circumstances?
Actually, I believe it is not. It may develop in one fashion under certain conditions and in another fashion in other circumstances. It is erroneous to assume that incompetence of the heart is identical under all conditions. When we view the mechanical efficiency of the heart even under the best circumstances, we find that it really is at most of the order of 30 per cent. Apparently the rest of the oxygen, or a large part of it, is used to maintain the machinery in repair, i.e., to make up for the wear and tear of the machinery, and not directly for its work. Hence, as the work of the heart declines, there may be a pari passu decline of the oxygen needed for the work, but the reparative processes may go on at the same level as before and so the total oxygen may not go down as much as the work does; hence the efficiency will decline. The contrary will be the case when the work of the heart is increased. Here the proportion of energy needed for work will be increased and that necessary for the reparative processes will be less, per- centagewise. Furthermore, to pursue these theoretic concepts, there is no guarantee that the rate and sequence of the many intermediate chemical reactions involved during the systole and diastole of the heart will be the same in the incompetent as in the competent heart, or that even the same reactions are employed; and these circumstances obviously can lead to changes in the mechanical efficiency which may vary from one type of incompetent heart to the next, depending upon how the machinery is deranged. Therefore, the mechanical efficiency of the incompetent heart changes in a very complex fashion, especially when cardiac circulatory failure supervenes, all the details of which are not yet clearly understood.
It therefore behooves the clinician in his every day activities to avoid the term cardiac efficiency and speak more of the efficacy of the heart, a term which need not be confused with the more precise definition to which engineers have assigned the concept of mechanical efficiency. I would predict that in the coming years we will have considerable clarification of this aspect of the mechanics of the incompetent heart as newer knowledge of the intermediate metabolism of the heart advances.
EDEMA FORMATION
In the final portion of this lecture I would like to turn to a different aspect of heart failure, edema formation, in order to emphasize that the syndrome of heart failure is a derangement of function occurring in a complex and interlocking fashion, and extending beyond the heart and the vascular tree. While the heart is the initiating mechanism, a chain of alterations is set up which makes the syndrome of heart failure much more than primary in figure 8 .
